Aim-To briefly review the methods, assumptions, models, accomplishments, drawbacks, and future directions of research using drug self-administration in animals and humans.
Core methods and assumptions
Drug self-administration procedures provide a means for studying addiction under controlled conditions in the laboratory. Under these procedures, an animal subject or human volunteer performs a response, such as pressing a lever, that delivers a dose of a drug, such as cocaine or heroin. The drug is typically delivered via an intravenous catheter, although other routes (e.g., oral, insufflation, inhalation) are sometimes used, particularly with humans. Compared to other models of addiction, these procedures provide the most direct point-to-point correspondence with addictive behavior that occurs in the natural environment. For this reason, these methods have a high degree of face validity. Furthermore, this close correspondence allows the details of the procedure to be modified in a variety of ways to model specific aspects of addiction. The behavior observed under these various models is highly sensitive to manipulations of specific environmental and pharmacological variables. Thus, these models can be used to provide a better understanding of the factors that influence addiction, and they can also provide a means of testing potential therapeutic treatments.
The drug self-administration paradigm extends from the field of operant conditioning. Thus, it is built on a venerable scientific system that provides a powerful means of understanding and controlling behavior. Although it might be possible to use drug self-administration procedures to study addiction without making the assumptions inherent in the conditioning and learning approach, much more can be achieved by taking full advantage of this rich background. The most basic assumption of this approach is that drugs function as reinforcers; that is, they increase the likelihood of the behavior that produces them. Thus, drug selfadministration is viewed as an operant response reinforced by the effects of the drug. As such, drugs have functional similarities with other reinforcers, such as food, that have traditionally been studied in the field of operant conditioning. Perhaps the most striking of these similarities involves the exquisite sensitivity of behavior to the nature of the relationship between response and reinforcer. This relationship is known as the schedule of reinforcement and describes requirements such as how many responses are required to produce a reinforcer, how much time must pass before the next reinforcer becomes available, and what cues, if any, signal the availability of reinforcement. Many schedules of reinforcement originally developed with food reinforcement have been adapted to the study of drug reinforcers, modeling specific aspects of addiction.
Whenever an operant response is reinforced, there is also the potential for classical conditioning. That is, stimuli present in the environment that are predictive of the onset of the drug's effects come to have conditioned effects of their own. It is assumed that this classical conditioning contributes to addiction in two important ways. First, stimuli that have been associated with the drug can become conditioned reinforcers, capable of reinforcing the response that produces them and maintaining tremendous amounts of behavior. Second-order and chained schedules of reinforcement (as described below) are used to study this phenomenon in the laboratory and provide a model of the long and complex sequences of behavior that are often required for humans to obtain, prepare, and consume a drug. Second, stimuli associated with drug effects can produce conditioned responses that are motivational in nature, inducing the person to seek the drug. These incentive-motivational effects are presumably what is being described when humans report craving for a drug.
Models
Continuous reinforcement, in which each response is reinforced by drug delivery, is the most simple schedule of reinforcement and has been used extensively because it provides the most direct relationship between the subject's behavior and drug intake. The most striking aspect of drug self-administration under this schedule is its temporal regularity, which has led to the hypothesis that the response occurs whenever the level of drug effect drops below a specific threshold (see [1] ). Under this schedule, the rate of self-injection is highly dose-dependent, with higher doses maintaining less frequent injections.
Basic intermittent schedules of reinforcement
In natural environments, it is extremely rare for a response to be reinforced each time it occurs. Usually, there is a certain amount of work that must occur or a certain amount of time that must pass before a reinforcer can be obtained. These respective situations are formalized in the laboratory as ratio schedules (which stipulate the number of responses required) and interval schedules (which stipulate the amount of time that must pass before the response will produce a reinforcer). These requirements can be constant (in fixed-ratio and fixed-interval schedules) or vary from reinforcer to reinforcer (in variable-ratio and variable-interval schedules). Importantly, each of these schedules tends to maintain a characteristic pattern of responding, and each of these patterns has its uses in behavioral research. For example, fixed-ratio schedules are often used to detect reinforcing effects of a long-lasting drug that may be self-administered infrequently over time. Under a continuous reinforcement schedule with such a drug, the low number of responses on the drug-delivery lever may not differ from the number that occurs on a lever that delivers only a placebo. If a fixed-ratio schedules is used instead, the number of injections over time may still be low, but the number of responses will be much higher on the lever that produces the drug. The control of behavior by simple schedules is an important area of behavioral research in general, with many implications and practical applications for drug self-administration, beyond the scope of this review. In addition, it should be noted that basic schedules can be used as building blocks to create complex schedules, like the second-order, chained, and multiple schedules described below.
Progressive-ratio schedules are used to assess the effectiveness of a reinforcer (i.e., reinforcing efficacy (see [2] ). Under this schedule, the number of responses required for drug delivery increases with repeated injections until the subject ceases responding for a certain amount of time. The highest response requirement that is satisfied at a specific dose is termed the breakpoint. The breakpoint is typically an ascending function of dose per injection. Since selfadministered drugs often alter rates of operant responding, and these effects are not directly related to reinforcing efficacy, an important feature of progressive-ratio schedules is that they measure the persistence of responding independently of the rate of responding.
Behavioral economics procedures provide another method for measuring reinforcing efficacy (see [3] ). These procedures involve manipulating the unit price of a drug (i.e., the number of responses required for delivery of a specified amount of drug) and measuring the level of consumption across a range of prices. The same unit price could be arranged in many ways. For example, if 20 responses were required for 1 mg/kg of cocaine, or if 10 responses were required for 0.5 mg/kg, the unit price would be the same (i.e., 20 responses/mg/kg). Typically, these equivalent prices will maintain similar levels of consumption. Behavioral economics procedures are highly valuable for measuring the elasticity of demand (i.e., how sensitive consumption is to price) and the effects of alternative sources of reinforcement (e.g., a second drug or non-drug reinforcer).
Choice
Behavioral economics studies often involve a choice between self-administering a drug and receiving a non-drug reinforcer. Choice schedules can also be used to compare the reinforcing effects of two different drugs, two different doses of the same drug, or one drug with versus without the addition of another drug. For example, Negus [4] has developed an innovative choice schedule in which monkeys can choose between a lever that delivers drug injections and a lever that delivers food pellets. Over the course of the session, the available dose is varied, allowing a dose-effect function for choice to be obtained within each session.
Second-order schedules provide a model of how drug-associated stimuli help to maintain responding that is ultimately reinforced by delivery of the drug (see [5, 6] ). Under a typical version of this schedule, every tenth response on a lever produces a brief presentation of a colored light. After 30 minutes have passed, the next light presentation is accompanied by a drug injection. Thus, through being paired with the drug, the light becomes a conditioned reinforcer. Under these schedules, responding typically occurs at very low rates if the brief stimulus presentations are discontinued, but very high rates when the presentations are resumed, demonstrating that the stimulus functions as a conditioned reinforcer. In this model of drug abuse, the stimulus is presumed to be analogous to features of the drug-abuse environment that are encountered when the drug is consumed, such as the physical features of the prepared drug and related paraphernalia. One valuable feature of second-order schedules is that behavior can be studied prior to the reinforcing drug being delivered (see [7] ), or even delivering only one injection at the end of the daily session (e.g., see [5, 8] ). This allows the effects of a potential therapeutic treatment on drug seeking to be assessed independently of its interaction with the self-administered drug, and it also allows substantial amounts of drugseeking behavior to be generated with drugs that interfere with responding once they are delivered.
Chained schedules can also model sequences of drug-seeking and how this behavior is affected by environmental stimuli present in the drug abuse environment. Under a chained schedules of drug self-administration, there is a sequence of different conditioned reinforcers that must be obtained before the drug is obtained [9] . These stimuli are presumed to be analogous to conditioned reinforcers such as the stimuli associated with obtaining money, and purchasing, preparing and consuming the drug. An important way that chained schedules are currently being applied is to explicitly separate the drug-seeking response from the drug-taking response [10] . This is accomplished by requiring a certain number of responses on one lever (the drugseeking lever) to obtain access to a second lever (the drug taking lever), which delivers the drug.
Multiple schedules are used to model the effects of environmental cues that signal when a response will be reinforced and when it will not. These cues can gain powerful control of selfadministration behavior. For example, Panlilio et al. [11] used a multiple schedule with two cues, in which responding on a lever was reinforced with cocaine only when a light or a tone is presented. Once the rats learned to respond when either one of the stimuli was present and cease responding when the stimuli were absent, a test was performed by presenting the tone and light together. This caused robust increases in drug seeking and intake, suggesting a potential mechanism by which drug use may become escalated in the drug abuse environment.
Reinstatement procedures are used to model relapse following a period of abstinence. Subjects are trained to self-administer a drug, and then drug delivery is discontinued until responding occurs very infrequently, which typically requires 10 sessions or more. Then, various treatments are tested to determine whether they cause the response to resume. Three major types of treatment have been found to induce reinstatement, and each of these is clearly analogous to the events that can trigger relapse in human drug abusers: priming by re-exposure to the self-administered drug or another reinforcing drug, exposure to drug-associated cues, or exposure to footshock stress in the self-administration environment (see [12] ). An alternative version of this procedure [12, 14] reduces the self-administration response by delivering response-dependent footshock instead of discontinuing drug delivery; under this procedure, a fourth kind of trigger has been identified, exposure to an anxiolytic drug.
Route of administration and speed of delivery
Although the intravenous route of administration is typically used to study drug selfadministration studies, the procedure can also involve intramuscular injection, oral administration (in liquid or pill form), smoking (tobacco, cocaine), or insufflation (cocaine). The faster routes of delivery (iv and smoked) tend to produce stronger reinforcing effects, and it has been shown in monkeys that slow iv infusions, with delivery rates comparable to routes such as oral administration, are also less reinforcing (e.g., see [15] ). Interestingly, the duration of effect of the self-administered drug, at least with opioids, does not seem to influence its reinforcing efficacy (see [16] ).
Controls for specificity of effect
There are several ways to determine whether a treatment specifically affects drug selfadministration. For example, in humans, questionnaires can be used to detect general sedative or depressant effects. In animals, the effects of the treatment on general locomotor activity and feeding can be measured. A widely-used procedure for demonstrating specificity of effect during drug self-administration sessions with animals is to include a control condition in which responding is reinforced by delivery of food pellets. This can be accomplished in a separate group of subjects, or in the same subjects during a different part of the experimental session or a different phase of the study. In testing experimental therapeutics, this control condition is important because it may detect treatments that not only reduce drug self-administration, but may cause a general, depression-like decrease in reinforcement. However, in light of the fact that overeating may be viewed as a form of substance abuse, it might be more important to demonstrate that a treatment only reduces extreme or excessive behavior, rather than selectively reducing drug-reinforced behavior.
Triumphs, limitations, and failures
As described above, drug self-administration procedures can model many of the features of human drug abuse. Drug self-administration in animals has been used quite successfully to predict the abuse liability of novel compounds in humans. Furthermore, in the cases where comparable procedures have been used to study human and animal subjects, the resulting behavior has been strikingly similar. For example, when human volunteers were given relatively free access to cocaine in a laboratory setting, they self-injected at regular temporal intervals, with the duration of the interval determined by dose [17] . As another example, when human volunteers were given experience self-administering cocaine in the laboratory under a second-order schedule, presentation of the drug-paired stimulus functioned as a powerful conditioned reinforcer, maintaining thousands of drug-seeking response even when cocaine delivery was discontinued [18] . Thus, the self-administration paradigm is highly reliable and exhibits both face validity and species generality. However, due to the fact that there are so few positive controls (e.g., methadone, Antabuse ® ) for an effective pharmacological treatment for addiction, it is difficult to assess the predictive validity of self-administration procedures (or any other preclinical assay) for detecting therapeutic effects of experimental treatments. Furthermore, there remains a general need for further validation of these models, verifying that the results obtained with animals can be generalized to humans, and that results obtained with humans in the laboratory generalize to the actual drug abuse environment.
A drawback of self-administration procedures is that they are relatively expensive in terms of time and other resources. Due to ethical and safety concerns [19] , it is necessary to go to great lengths to ensure that human volunteers are carefully screened, then closely monitored for potential adverse effects during and after the study. In rodents, self-administration techniques are limited by the fact that intravenous catheters last a few months at most, precluding longterm studies and the use of complex training schedules that can be studied with food reinforcement or in non-human primates. This problem of maintaining catheters is especially acute in mice, but this preparation is becoming increasingly viable [20] . Furthermore, because they attempt to mirror the complexity of human behavior, self-administration procedures may actually be less productive than some simpler alternatives for screening novel therapeutic compounds or relating addiction-related behavior to specific neural circuitry. Therefore, selfadministration procedures are often used as part of a program of research involving several different methods. A common strategy is to use self-administration to test the efficacy of treatments that have been discovered or developed using simpler behavioral procedures, such as drug-induced locomotor activity, conditioned place-preference, and drug discrimination.
As part of the general behavioral pharmacology approach to drug abuse, studies of drug selfadministration have historically helped lead to some of the most significant advances in the understanding and treatment of addiction. For example, at a time when tobacco smoking was widely considered to be simply a "habit," these procedures were instrumental in demonstrating that nicotine is a reinforcing drug used for its pharmacological properties (e.g., see [21] ). Replacement therapy (e.g., methadone), antagonist therapy (e.g., naltrexone), and more recently, partial agonist therapy (e.g., buprenorphine) also arose from this field. In addition, contingency management is solidly based on the principles of operant conditioning and has had unparalleled clinical success in achieving and maintaining drug abstinence (see [22] ).
Although there were some earlier studies in which human subjects were allowed to selfadminister drugs at the Addiction Research Center in Lexington, Kentucky, the systematic study of drug self-administration did not become widespread until effective techniques were developed for use in animals in the early 1960's [23, 24, 25] . To a large extent, drug selfadministration studies conducted in humans today still tend to be linked to the techniques and basic findings from animal research. In evaluating potential therapeutic treatments -and also in studying changes in the brain that underlie addiction -an efficient allocation of resources is to use rodents for the more broad screening procedures, followed by studies in non-human primates, and finally with human subjects in the laboratory. Increasingly, the final assessment before starting clinical trials involves using the subjective effects of a novel compound to predict its abuse liability or treatment efficacy. However, these self-report data do not always agree with the results of parallel drug self-administration studies in humans, even when these measures are obtained simultaneously (see Lamb et al. [26] ). Although self-administration data may be more difficult and expensive to obtain than self-report data, they are worthwhile because they may provide a more reliable prediction of clinical efficacy.
New directions
In recent years, there has been a concerted effort to develop animal models that more clearly focus on addiction, per se, as opposed to just drug reinforcement. In the past, it was often assumed that studying low-level drug use in animals with limited access to drugs would provide information about addiction. However, many researchers have begun to question this assumption and have developed methods for inducing and assessing more addiction-like behavior in animals.
A basic technique that is increasingly used to induce addiction-like behavior in rats is to provide extended access to the drug during long training sessions. Somewhat ironically, the current interest in these extended-access treatments actually represents a return to the kind of procedure used in some of the earliest studies of drug self-administration in animals, in which constant access to drugs was provided for extended periods, sometimes leading to severe, addictionlike consequences [23] . Thus, the most innovative aspect of the contemporary extended-access studies is not the level of access, per se, but the variety of measures that are being applied to model specific aspects of addiction. In general, all of these procedures attempt to model the compulsive nature of addiction, as exemplified by the classic aspects of addiction in humans, as described briefly below.
Escalation of use
Rats given extended access to drugs typically increase their rates of drug intake over time in a manner that is not simply attributable to tolerance. Rather, this escalation appears to be related to a loss of control over intake [27] . Interestingly, Liu et al. [28] found that rats given extended access to cocaine showed escalated intake, but not increased breakpoints under a progressiveratio schedule. Thus, escalated intake is not necessarily a result of an increase in the reinforcing effects of the drug.
Relapse is considered a central characteristic of addiction, and possibly the most important to overcome. Work with the reinstatement procedure (described above) has repeatedly demonstrated that reinstatement is more likely in rats given extended access to drugs, and this is true of re-exposure to the training drug (priming; [29] ), exposure to response-contingent drug-paired cues [30] , and exposure to stress [31] .
Difficulty stopping
Rats given extended access to drugs may take longer to cease drug-seeking when drug delivery is discontinued [31, 32] . The self-administration responding of rats given extended access to cocaine also shows resistance to suppression by a stimulus paired with footshock that is delivered independently of the rat's behavior [33] .
Continued use despite adverse consequences
When rats are allowed to self-administer cocaine even under relatively limited-access conditions, a small proportion of them develop behaviors that resemble human addiction in several important ways, including escalated intake and increased breakpoints under a progressive-ratio schedule [34] . Another interesting aspect of the behavior shown by these rats is that it is resistant to punishment (i.e., suppression by footshock that is only delivered when the rat performs the self-administration response). Thus, the drug-seeking response is less sensitive to aversive consequences in this subgroup of rats. Another example of continued use despite adverse consequences is that rats given extended access to heroin continue to selfadminister the drug even when it induces self-injury behavior [29] .
Use to the exclusion of other behaviors
It has long been known that rats or monkeys given continuous access to cocaine or other stimulants may overdose or neglect feeding and other normal behavior [23, 35] . However, it does not appear that behavioral economics techniques -such as studying the elasticity of demand for cocaine when food is offered as an alternative reinforcer -have been implemented yet to study the effects of extended access condition.
Habitual use despite devaluation of the drug reinforcer
Drug use in addicted individuals may become extremely habitual. With regards to conditioning and learning, habitual behavior can be described as insensitive to changes in the value of the reinforcer. Habit is often measured using devaluation procedures such as those used to study ethanol [36] and cocaine [37] self-administration in rats. In these procedures, after animals were trained to self-administer food or a drug, the reinforcer was devalued by pairing it with an aversive injection of lithium. (Note that during the devaluation treatment, the operant response was not available, differentiating this procedure from punishment procedures, in which the response produces the aversive consequence.) When food was devalued by pairing it with lithium, rats subsequently reduced their food-reinforced operant responding, indicating that responding was sensitive by the current value of the reinforcer. In contrast, when ethanol or cocaine was paired with an aversive injection of lithium, rats did not reduce their subsequent self-administration responding, indicating that responding had become more habitual and was no longer controlled by the current value of the reinforcer. This resistance to devaluation was evident even without extended access to the drug. Furthermore, cocaine-sensitized rats showed resistance to devaluation of food pellets [38] , suggesting that exposure to cocaine makes even food-reinforced behavior more compulsive. These results indicate that the drug-seeking habit may continue at high levels in addicted individuals even if the reinforcing effects of the drug have been diminished.
Interfaces with other disciplines
Drug self-administration is highly amenable to being studied with many contemporary techniques of neuroscience (see [39] ), such as neuro-imaging, single-unit recording, temporary lesioning of specific brain circuits, microdialysis, microinjection into discrete brain areas, and genetic knockouts of specific receptor systems. The availability of mice with a wide variety of targeted gene mutations has led to important findings concerning the influence of genetics on addiction. All of these techniques are being used to elucidate the mechanisms involved in each of the aspects of addiction described in the "Models" and "New directions" sections, above. For example, Wise et al. [40] used microdialysis to measure dopamine levels in the nucleus accumbens of rats that were self-administering cocaine, supporting the hypothesis that responding occurs when the dopamine level falls below a certain level. As another example, Martinez et al. [41] , performed PET in cocaine-dependant humans as they were given a choice of self-administering cocaine or receiving money, demonstrating changes in dopamine function that were predictive of self-administration. As surely as neuroscience and genetic techniques will continue to be developed and refined, they will continue to be applied within the drug selfadministration paradigm.
Conclusion
Drug self-administration is a highly adaptable technique for modeling various aspects of drug addiction in the laboratory using human or animal subjects. Its assumptions follow from the field of operant conditioning. The most important of these assumptions is that drugs function as reinforcers that maintain drug-seeking and drug-taking behavior. Due to their relative difficulty and expense, self-administration procedures are often used as the last part of a program of research in which the effects of treatments are first screened using simpler methods. As part of the area of behavioral pharmacology, the use of self-administration techniques has led to many highly important findings concerning addiction and has contributed to some of the most effective treatment strategies available today. A recent trend in addiction research is to develop self-administration procedures that model the extreme qualities that separate addiction from more "casual" drug use. Self-administration techniques can easily be combined with a variety of neuroscience techniques to further our understanding of addiction and selfadministration behavior. Self-administration techniques represent one of the oldest methods for studying addiction, but it seems certain they will continue to provide valuable contributions to the science of addiction well into the future.
